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Abstract
This research was conducted to develop and qualify a vacuum GaAs semiconductor
monolithic microwave integrated circuit die attach process. Research was done to
understand the causes and effects of voiding levels on device performance and reliability.
Simultaneous investigation was done to qualify vacuum-attach as a successful
methodology by which minimal voiding levels were achieved.
After an initial vacuum-attach trial was completed to verify the methodology,
internal accept/reject criteria were developed to qualify die attach interfaces. A dual phase
attachment methodology was created to minimize tolerance stacking resulting in more
consistent component placement. MATLAB image processing code was developed to
quantify the voiding levels against the accept/reject criteria. Statistical methodologies were
employed to troubleshoot root causes for special cause variation of initial attachment
failures. A design of experiment was conducted testing three factors each at two levels
(process gas [Gas A, Gas B], leaking chamber [yes, no], and carrier supplier [Supplier A,
Supplier B]). The DOE identified process gas and its interaction with the carrier supplier
to be significant. Further investigation of the carriers identified plating contamination,
resulting in the process gas the primary factor of interest. A secondary experiment focusing
on process gas identified no statistical difference between Gas A’ and Gas B (Gas A’
indicating a high purity form of Gas A). With this information, Gas A’ was selected as the
process gas. A total of 56 attachment interfaces were then produced yielding 0.7485%
iv

voiding, on average, following a Weibull distribution (β= 1.04171, η = 0.75967) with zero
rejections. The process’s consistency of minimal voiding levels were deemed a success and
the process was released to production.
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Chapter 1: Introduction

1.1 Attachment Interface and Device Performance
When dealing with high powered RF devices, thermal dissipation is critical in design
functionality. Adequate thermal conductivity is not only paramount in the choice of
material, but also for the attachment interface that binds components together. One of the
main hindrances of thermal conductivity between a package and its respective substrate is
the presence of voiding. Voids are regions that lack interfacial material; they essentially
are air pockets that act as insulation barriers and, as such, hinder heat dissipation. As shown
by Table 1.1, air has a very low thermal conductivity when compared to typical heat sink
materials like aluminum and copper. For this reason, air is a popular choice for applications
that require insulation properties as opposed to dissipation. When removal of heat is critical
to system functionality, voiding severely mitigates a modules ability to function.
Table 1.1 Thermal Conductivities (W/m.K)
Air
Aluminum
Copper
Diamond

0.026
150.00
390.00
2300.00

High risk of failure is inherited when a semiconductor die cannot adequate diffuse
heat. Many studies have shown that large voids have a direct link to the performance and
1

reliability of the device. This will be elaborated on in Chapter 2. The temperature increase
of the chip itself also hinders the short term performance as well as the long term reliability.
Voided areas create hot spots on the surface of the chips. These hot spots can change the
electrical properties of semi-conductor die. This alters the dynamics of the die and reduces
its performance. From a reliability standpoint, long term usage of these die with voided
areas can regionally degrade device properties over time, ultimately reducing product
working life. In extreme cases, inability to adequately remove heat from the die causes
catastrophic failures such as die explosions. Due to both immediate performance concerns
as well a long term reliability, the elimination of voiding in high powered die is always a
goal in an attachment process. This concept coupled with the movement for smaller
packages outputting higher power has made void free attachment even more critical.
Increased power densities have sparked an even greater importance to adequately dissipate
heat (Mackie and Zarrow, 2016). This makes consistent void free attachment as a
paramount goal in the die attachment industry.

1.2 Process Background
There are a few methodologies by which die attachment can be achieved. Scrub Assist, Infrared Reflow, Vapor Phase Reflow, and Vacuum Reflow are all methodologies
of solder reflow and will be discusses in Chapter 2. Die attachment is a relatively simple
concept shown in Figure 1.1. Based on Figure 1.1, a MMIC die is attached to a substrate
with a solder interface material in between.

2

Figure 1.1: Die Attachment Concept

This research will explore the processes development of a die attachment process
using a vacuum furnace. The vacuum furnace used is a Model 3130 SST vacuum furnace.
Vacuum furnaces have a long history of creating strong and reliable bond interfaces. They
do this by creating a controllable, inert environment with the ability to directly control
pressure and temperature. For this research, the machines’ capabilities can draw vacuum
of less than 50 mTORR while being able to pressurize the environment up to 60 PSIG.
With the extended heat option of this particular vacuum furnace, temperatures can reach
1100⁰C, much higher than the 283⁰C melting point of AuSn eutectic. By having these
programmable and controllable procedural parameters, the machine can be used to draw a
high percentage vacuum, heat at various rates to reflow temperatures, and accurately time
pressurization. By altering and programming these environmental parameters, certain
‘profiles’ can be created that are typically application dependent.
Vacuum chamber heating requires conduction heating. Which, in this situation, is
the passing of high current through a conductive material and the resistance of this current
flow within the material generates heat. This heat is then transferred to component via
surface area contact. Other methods such as reflow ovens utilize convection style heating.
Due to the minimal atmosphere within the vacuum chamber, this is not a possibility.
Conduction style heating must be used which is dependent on surface area contact. The
3

conductive material of choice for many of these applications is graphite; this research
followed suit. Graphite provides many benefits that are necessary for this application. First,
its electrical conductivity is required for heating in a vacuum to allow current to flow. A
secondary benefit to its conductivity is its ability to prevent ESD damage to sensitive active
components such as MMIC die. Another important quality of graphite is its ability to
withstand high temperature and have little mechanical change due to a low CTE. Having
minimal CTE is absolutely paramount in the choice of process tooling for high
temperatures. High CTE’s can add extra expansion and expose components to unplanned
stresses. Not only can this damage components, but it can also displace components out of
alignment. Alignment is an extremely important aspect of signal path processing and will
be discussed in Chapter 2. For the aforementioned reasons, graphite is an industry standard
high temperature fixturing materials.
The vacuum furnace can be used for a variety of applications from hermetic sealing
to brazing. For this research, the vacuum furnace will be used to develop a nearly void-free
attachment interface of high powered GaAs semiconductor MMIC die to Ni/Au plated
CuW carrier substrates by use of Au/Sn (80/20) eutectic preforms. This research also
includes the attachment of other RF signal components, but the focus is the void free
attachment underneath the MMIC die as this amplifier application generates a significant
amount of heat. That top level assembly of these units operate at approximately 200⁰C,
making heat dissipation critical in device performance.
The purpose of the research was not to explore various alternative materials. With
this being said, the aforementioned materials all serve a purpose in the design. The GaAs
MMIC chips use their semiconductor transistors to amplify signal. This die was chosen for
4

its ability to withstand the high operation temperatures and match thermal expansion rates.
CuW substrates are used in a 10% copper to 90% tungsten ratio. CuW is known as a pseudo
alloy due to the lack of atomic interaction of the metals. Chemical bonds do not connect
the two metals. Rather, CuW can be thought of as a matrix of intermixed metal molecules.
Various combinations of the two can be used to adjust properties for desired characteristics.
This particular combination (10%/90%) was chosen to blend the thermal conductivity of
copper with the expansion rate of tungsten.
The interface material for attachment is 80/20 AuSn eutectic solder. This solder is
in a predetermined shape called a “preform” as opposed to manifesting glue or a paste.
AuSn was chosen for a variety of reasons. Its melting point is relatively low at (283⁰C).
Which is low enough to keep the MMIC die safe. It is important to note that during a reflow
application, temperatures should supersede the eutectic melting point by 20-30⁰C. Even
then, the temperatures are within the tolerable range of the die if only exposed for 30
seconds or less as pre manufacturing guidelines. AuSn also has extremely high bond
strength. AuSn preforms are also high in thermal and electrical conductivity.
Environmental resistivity is another key factor when choosing AuSn. The high percentage
of Au in the alloy in use herein gives it a high resistance to oxidation and breakdown.
Meaning a highly reliable bond interface that is popular for non-hermetic environmental
applications.

1.3 Research Objectives
The objectives of this research are to develop a vacuum-attach process that attaches
high powered GaAs amplifier die to CuW substrates using AuSn eutectic solder preforms
such that the attachment interface voiding levels pass internally defined specifications
5

(defined later in this research in Section 3.4) while simultaneously producing sufficient
component alignment.
Figure 1.2 shows the components intended to be attached via the vacuum furnace.
Prior to reaching this end goal, a large portion of research was done to understand voiding,

Figure 1.2: Project Objective of Vacuum Furnace Attachment
potential causes, voiding minimization best practices, and other methods promote void free
attachment.

1.4 Thesis Organization
Chapter 2 provides a literature review that lists prior related efforts undertaken to
understand voiding and methodologies to minimize these voids. The methodology to
address the research objectives is detailed in Chapter 3. An analysis of the results of the
experiments are provided in Chapter 4. Finally, a summary of this effort, along with
recommendations for future research is found in Chapter 5.

6

Chapter 2: Literature Review

2.1 Introduction
The following section will discuss the research done to understand voiding in respect
to device performance, causes, and mitigation. Next, this chapter will briefly discuss
various reflow methodologies. The next section of this chapter will discuss physical
component placement and its importance on RF device performance. Finally, this chapter
will discuss vacuum reflow as the superior attachment methodology for voiding
minimization. Prior research will provide a framework to design a process by which the
research objectives can be accomplished (see Section 1.3 for research objectives).

2.2 Voiding
Voiding has long been a topic of discussion in the high powered die industry.
Mitigation of voids within attachment interfaces is crucial to product functionality for three
main reasons: electrical conductivity, thermal performance, and mechanical strength.
Electrically, the backside of amplifier die are often gold plated and designed to be
the electrical ground for the complex circuit. When voiding appears, signal transmission
through the ground plane becomes inherently smaller as the electricity seeks the path of
least resistance, thereby bypassing the voided areas and transferring to the nearest
7

connected area. The reduction in conductive area will reduce the system’s electrical
conductivity (Mackie and Zarrow, 2016). The presence of voiding in RF circuitry can
cause signal disturbance as the signal inherently moves around the voids. Higher
frequencies in the microwave spectrum are more susceptible to voiding signal disturbance,
making voiding levels and component alignment even more critical.
Thermal performance is another critical reason for minimizing voiding. Eutectic
attach is often used in applications requiring heat to be transferred away from the
component for proper functionality (Powell, 2016). Voids are three-dimensional interface
regions between component and substrate lacking interfacial material (Mackie and Zarrow,
2016). Therefore, voids are seen as air. Air, by nature, is an insulating material which
makes it a very poor choice for thermal transfer. Therefore, large voiding levels mitigate
the component’s ability to effectively dissipate its heat. Inability to remove heat creates
localized hot spots on these die which can cause reliability issues as well as immediate
catastrophic failures of die explosions (Mackie and Zarrow, 2016). Both types of failures
are combatted with the minimization of voiding between the die and substrate interface.
Also, when dealing with GaAs as well as GaN (Gallium Nitride), the die performance can
be immediately lowered by insufficient heat transfer at hotter temperatures. Common
electrical testing methodologies include testing power-out at hot temperatures as well as
ambient and cold. Hot power tests are where insufficient thermal dissipation is exploited
as signal power-out is inadequate. Thermal performances of devices and their relationship
to voiding levels have long been explored. Voiding decreases from 70% to 15% have
drastically increased thermal diffusion while 15% to 1% did not play as large of a role

8

(Zhai and Guo, 2011). However, small voids in critical locations for high power devices
can factor into thermal dissipation which was not considered in the paper by Zhai and Guo.
Mechanically, there is a direct correlation between the strength of a joint and the
amount of interfacial material (Mackie and Zarrow, 2016). Lack of interfacial material
severely hinders bond integrity which can cause problems when placed in stressful
circumstances such as environmental test, shock test, and vibration test. Because of this,
minimizing voiding is crucial to the mechanical durability of solder joints.
The above reasons highlight the major issues associated with voiding. Before reflow
methodologies will be discussed, the following sections will outline some of the main
causes of voiding and efforts done to minimize it.
2.2.1 Causes of Voiding
The unpredictability associated with the amount and location of voiding has made
pinpointing specific causes a difficult task. With this being said, there are multiple theories
behind voiding causes. This section will outline the major known causes of voiding.
Outgassing during reflow is one of the biggest voiding contributors (Lee, 2016). High
temperature reflow can cause intermitted organic particles to react and outgas. Outgassing
within an interfacial surface requires proper processing to remove these air pockets.
Reactive contamination on plating surfaces, FOD (foreign objects or debris), or other types
of surface impurities can result in the release of gasses during reflow. If there is enough
surface energy (resistance) in the interfacial layer to prevent the gas from escaping, the
void will remain and cause the aforementioned negative side effects outlined in the
previous section. This phenomena is known as ‘pinning’ (Lee, 2016). Pinning happens
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when the elimination methodologies (discussed in Section 2.2.2) do not overcome the
surface energy holding on the void, resulting in the retention of said void within the
interface layer.
Flux is one of the largest contributors to voiding (Lee, 2016). AuSn eutectic is
fluxless. It is important to note the large detrimental effect of using flux in respect to
voiding levels in many applications. Flux is typically a chemical additive by which cleans
and primes the surface during a solder application. If not properly handled and cleaned,
flux can degrade solder joints and components.
Though outgassing can be the most difficult to control, processing parameters and
techniques also play a huge factor in voiding levels. Processing under atmosphere, even
with process gasses, is always risking oxygen reactions within the solder. This is a
significant disadvantage to non-vacuum reflow techniques for solders susceptible to
oxidation. Eutectic solders, focusing on AuSn, are extremely sensitive to composition. The
unique ratio of 80/20 allows for the beneficial reflow properties at reasonable temperatures.
Changes to this composition, such as high temperature oxidation on 20% of the material
(specifically the tin), will directly affect the reflow properties and reduce the solder’s
wettability. Processing techniques that do not remove active atmosphere run this risk.
Certain processing techniques use inert cover gasses to help eliminate this problem while
others use slightly active atmosphere such as a hydrogen mix (usually around 5%-10%).
Theoretically, the active hydrogen is used to react with oxygen and nullify the oxidation
effects within the joint itself. Vacuum processing is another technique used to control the
negative side effects of atmosphere during solder reflow (this will be discussed more in
Section 2.2.2).
10

Poorly designed or improper profiles can also impact voiding levels. Profiles are
usually specifically designed for a unique application. Without redesigning and adjusting
profiles to accommodate for the impacts of material thermal mass, interfacial contact
layers, or timing of the solder in liquid state, the profile risks being insufficient in achieving
successful reflow. One of the biggest difficulties in profile design is accommodating for
various thermal masses and understanding the relationship between heat transfers through
these thermal conductivities. To accommodate for the thermal mismatches, typical profiles
and techniques use dwell periods to evenly heat all materials prior to peak reflow
temperatures (full details of profiles are discussed in Section 3.2.3). Without
accommodating for different thermal conductivities, thermal masses and material
interfaces, profiles will inconsistently heat the solder layer resulting in improper reflow.
This improper flow will hinder the liquid material from being able to dislodge voiding
during processing which will result in residual gas pockets within the interface.
Solder preforms are categorically better at voiding elimination. Solder pastes can
harbor bubbles within their composition directly resulting in void formation. Pastes can
also encapsulate air bubbles during the dispensing process. Preforms do not carry this same
risk. Preforms can sometimes trap FOD between the solder layer and their respective die
or substrate. Proper handling can minimize this risk. Preforms are typically less risk of
voiding when compared to epoxies and pastes.
2.2.2 Voiding Mitigation
Typical voiding mitigation methodologies stem from voiding causes. This section
will discuss these methodologies that are related to the causes discussed in Section 2.2.1,
but also discuss other methodologies by which reduce the amount of voiding.
11

The first methodology by which voiding can be minimized is related to the
cleanliness of material and process. For material, embedded contamination within the
plating surfaces of the substrates can cause outgassing at high reflow temperatures.
Therefore, having pure plating surfaces is a necessity for reducing voiding. For the process,
controlling the amount of FOD within the assembly processes is also a must. Addition of
extra material within the solder interface will cause outgassing which will likely transpire
into voids. Vacuum reflow is at high risk for this particular type of contamination as the
tooling is fabricated out of graphite. Graphite’s material properties related to this
application are discussed in Section 3.3.2 but, in summary, graphite is a very soft and
delicate material that is conductive. Normal processing and handling of graphite generates
small particles and because of its conductivity, a high risk situation is incurred. Other
reflow methodologies (Section 2.3) are also subjected to tooling and assembly FOD.
Regardless of attachment methodology, intermittent contamination within the solder
interface will induce voids via high temperature outgassing. Purity of process gas is also
important as the introduction of active atmosphere will cause reactions. For a vacuumattach process, oxygen is the most critical gas and needs to be minimized to less than
100ppm per manufacture’s recommendation. Though not typically thought of as part of the
‘cleanliness’ of a process, the gas purity’s criticality qualifies it as being a critical factor
for this section.
The next factor to be discussed is the use of flux and its outgassing properties. One
very convenient way to eliminate this issue is to remove flux from the process altogether,
or at least to improve the types of fluxes (Lee, 2016). Researchers at Indium Corporation
have been experimenting with alternative types of fluxes, as well as with geometries of
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flux application, to reduce outgassing effects while still providing the benefits of normal
fluxes. Alternatively, the use of fluxless solder like AuSn and AuGe can be used. This type
of solution obviously eliminates flux outgassing risk (Lee, 2016). Fluxless solder preforms
are very popular due to their elimination of flux to minimize risk of outgassing.
Void ‘pinning’ is a phenomena presented by Dr. Lee of Indium Corporation
discussed in Section 2.2.1. Pinning is the surface energy around the void holding the air
pocket into place. One methodology commonly used to remove these surface energies is
plasma clean. Plasma cleaning is done by passing high voltages through gaseous elements
(argon, oxygen, nitrogen or hydrogen or mixtures of these are commonly used) to ionize
these particles which bombard the surface of interest to removed energies and impurities.
This methodology is commonly used in wirebonding techniques to ‘prime’ the surface for
better adhesion. Similarly, this is done for die bonding techniques such as vacuum reflow
and helps eliminate the pinning energies with will holding air bubbles in and prevent them
from escaping. By removing these energies, voids are more likely to be drawn out during
processing under vacuum/pressure as their forces holding these air pockets in place are
smaller (Lee, 2016).
One of the most critical factors in voiding mitigation is the profile used for processing
(Lee, 2016). Without proper consideration for material type, thermal mass, ramps rates,
CTE, and solder layers, attachment methodologies will be insufficient. Uneven heating of
material can cause different curing and solidification rates of interfaces. This type of
inconsistency will prevent solder/epoxy from ‘flowing’ which will result in the inability of
inner voids to be drawn out. Multiple occasions of improper profile usage have resulted in
poor voiding results.
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Next, the use of solder preforms has been used to mitigate voiding (Briggs, 2016).
With preforms, there is an elimination of the epoxy air bubbles that get trapped within the
paste itself. They also eliminate the need for flux within the joint (Briggs, 2016).
Another method by which is used to minimize voiding is the addition of weights
(Zapella, 2016). Research has shown an improvement for preform and vacuum-attach
applications from 3-8% range to less than 1% as typical (Zapella, 2016). A certain gram
force is used and calculated based on die size. This gram force uses gravity to push
downwards and, theoretically, the downward force helps expand and flatten voids trapped
within the intermittent solder layer. The voiding expansion is said to help ‘break’ the
pinning force holding the void in place and release the gas into the inert atmosphere of the
processing chamber (Sweatman, Nishimura, Sugimoto and Kita, 2013). A secondary
benefit to weight additions into vacuum-attach applications is that the weight helps keep
the component and preform in place (Zapella, 2016). Addition of weights is sometimes
difficult to do in other attachment methodologies like convection oven reflow but is
commonplace in vacuum ovens. Downward force is also exploited in hand-scrub
attachment as the operator will typically press down on the components they are trying to
attach. However, the force is inconsistent and challenging to do on die as their surface
circuitry is typically sensitive. Addition of protective weight ‘bezels’ are used in vacuumattach to protect surfaces of die
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as well as to evenly disperse the force over the entire surface of the die. Figures 2.1-2.4 are
examples showing voiding improvement with the addition of weights during processing.

Figure 2.1: Example A (Zapella, 2016)

Figure 2.2: Example B (Zapella, 2016)
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Figure 2.3: Example C (Zapella, 2016)

Figure 2.4: Example D (Zapella, 2016)
Pressure differentials are also a method by which voiding is eliminated (Wilson,
2014). Pressure changes create opportunity for gas movement which will directly affect air
bubble within solder layers. Pressurization of the chamber will ‘sandwich’ die to substrate
while forcing intermittent air bubbles to move outward by flattening; very similar to the
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weight concept previously discussed. Vacuum pulling will also draw out voids by
removing gasses. Clearly, a force drawing vacuum will guide and pull intermittent bubbles
out of the interface.
In both cases, pressure differentials and changes create mechanical motions and force
used to push and pull voids out of the solder layer (Wilson, 2014). By simply applying
Boyle’s Law, it is clear that timely pressure changes will decrease the final void levels
(Wilson, 2014). Figure 2.5 illustrates Boyle’s law exploitation to minimize voids.

Figure 2.5: Pressure Differential to Void Volume (Wilson, 2014).
The last concept by which voiding can be mitigated is the use of a vacuum furnace.
Though other methodologies can produce minimal voiding, vacuum reflow is ‘becoming
the standard for attachment applications’ (Lee, 2016). Some have reported claims of less
than 1% voiding (Wilson, 2014). Further discussion behind vacuum-attach will be provided
in Sections 2.3.4 and 2.5.
Because of voiding’s criticality in device performance and reliability, various
methodologies have been explored to help eliminate these risks. Cleanliness of materials,
process, usage of preforms, plasma cleaning surfaces, proper profiles, weight additions,
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and the use of vacuum furnaces have all been shown to help mitigate voiding. The
following section will briefly discuss various methodologies to illustrate the multitude
ways by which melting solder can be achieved.

2.3 Reflow Methodologies
Common methodologies of reflow are scrub-assist, vapor phase reflow (VPR),
infrared reflow (IF), and vacuum reflow. Some of these methodologies are typically done
with solder paste as opposed to a solder preform. Regardless of solder interface material
type, these reflow methods have been successfully used for reflow processes. The
respective methodologies and, their advantages/disadvantages will be briefly discussed in
the following sections.
2.3.1 Scrub-Assist Reflow
Scrub-assist is the attachment of components via a hot plate and mechanical
scrubbing (either via operator or machine) with a cover gas to help prevent high
temperature oxidation reactions. Die bonding machines (such as a ‘pick-and-place’) are
often used for applications where epoxy dispense is plausible. Other applications, such as
high temperature eutectic die bonding, require higher temperatures which facilitate the
need for special tooling options; this can be extremely expensive. Also, die bonders are
typically not done in a vacuum setting which require them to use cover gasses. Protective
forming gasses must be used to minimize oxidation of susceptible areas (Buhlmann and
Truncellito, 2016). In reference to AuSn eutectic attach, the 20% tin within the preform
alloy will readily oxidize at high temperatures without vacuum. The bonders work by
dispensing (epoxy) material onto a desired location of a substrate. Then, via vacuum
nozzle, the bonder picks up the die and places it on the previously placed epoxy. Motion
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back and forth of this die is required for eutectic attach hence the term ‘scrub-assist.’
Though atmosphere can plague this process (both automated die bonding and hand scrubassist), minimal voiding can be achieved if done properly.
2.3.2 Vapor Phase Reflow (VPR)
Vapor Phase Reflow, or VPR, is a process that uses a heated form of a
perfluorocarbon in gaseous form to heat boards and assemblies after components are placed
via surface mount (Tummala et al., 1997). The perfluorocarbon of choice typically has a
narrow boiling range to provide better process control. Though this has successfully been
used for voiding mitigation, it is sometime risky as exposing the typically inert
perfluorocarbons to temperatures above their melting point can break them down to
produce corrosive chemicals (Tummala et al., 1997). One extreme disadvantage to VPR is
its inability to minimize heating rates which causes packaging problems for components
and assemblies with dissimilar thermal conductivity and masses (Tummala et al., 1997).
This environment lacks the ability to give various masses and thermal conductivities ability
to evenly reach peak reflow temperature. Dwelling at near reflow temperatures is a
common practice in reflow application that attempts to minimize the impact of thermal
stresses induced by reflow processing temperatures. Dwelling is something VPR cannot
directly do. In order for higher mass (or less thermally conductive) materials to achieve
reflow temperatures, exposure times increase, which risks soldering wicking and
splattering (Tummala et al., 1997). Some systems incorporate vacuum within the vapor
phase methodology (Rahn and Zabel, n.d.). These systems have also seen successful
voiding mitigation results. Vacuum-attach will be discussed in future sections.
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2.3.3 Infrared Reflow (IR)
The next methodology discussed for reflow attachment is infrared reflow. Thermal
energy is transmitted by infrared lamps (typically at wavelength of 1 to 5 μm) with
secondary lamps as an option (Tummala et al., 1997). This type of heating methodology
has a distinct disadvantage as it is essentially a line-of-sight heating technique. Small
amounts of energies at the shortest wavelengths can transmit thermal energies through nonreflective material but inner rings of solder are not likely to be reflowed via IR. Depending
on application, thermal robustness is critical in design. IR is also plagued by thermal mass
inconsistencies at local positions of an assembly which add an extra level of difficulty in
reflowing solder (Tummala et al., 1997).
2.3.4 Vacuum Reflow
Vacuum-attach is the removal of atmosphere via vacuum pull and heating through
conduction. This methodology has a storied history of success and is even said that vacuum
reflow is becoming the standard for minimizing voiding (Lee, 2016). The reflow technique
is extremely beneficial for minimization of voiding; which is critical in high powered
amplifier applications for thermal and electrical performance. However, vacuum reflow is
typically slow and requires a significant amount of expensive process development work
and tooling design.
Vacuum reflow utilizes conduction style heating which means heat transfer is
completely dependent upon contact. Uneven surface connections will minimize the amount
of heat transfer. This type of dependency makes substrate and component interfaces
critical. Often times, preforms (such as the AuSn preforms mentioned earlier) are used
during vacuum applications to aid in the flatness requirement of this style of heating.
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On top of the interfacial contact, thermal mass is the second largest factor in
component processing via vacuum reflow. Various thermal conductivities between
components, substrates, and interfacial layers can provide hindrances in output results.
Thermal masses need to be considered for profile development (Lee, 2016). Without
understanding material thermal properties, large amounts of experimental waste will be
required to identify the necessary processing parameters.
Timing is another critical factor in reflow applications. The timing effect is
exacerbated with eutectic materials as their unique molecular architecture makes them
prone to a nearly instantaneous phase inversion process. Critical to successful reflow is the
introduction of inert atmosphere pressurization during liquid solder state. A high pressure
chamber actually creates inward force and acts as a mechanical scrub to compress die into
liquid solder layer. Gold metallurgical reflows (AuSn or AuGe for example) are typically
mated with other gold plated surfaces. This is done to induce intermetallic connections to
improve bond properties as the gold metals bind to each other. But because of this, melting
points of the new alloy will increase due to an increase in gold percentage. This makes
reflow temperature typically 20-30⁰C (for AuSn eutectic) higher than the documented
melting point; this is to ensure that all material and solder are adequately exposed to the
necessary temperatures allowing solder reflow and avoiding partially melted areas. Also,
because of this, the time at which the solder is liquid is short. Therefore, critical chamber
pressurization timing has a very narrow window that is hypothesized to be approximately
30 seconds.
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2.4 Component Alignment
Component alignment is important for signal transmission when dealing with Ku
band range RF. Component alignment is referring to the relative linearity of the RF path.
This is mainly important for signal combination and phase matching. From a process
design standpoint, there are a few factors that need to be considered and addressed. They
are bond gap, skew, and bond pad alignment.
Bond Gap: The size of bond gap is critical in the end performance of these units.
There are two MMIC dies per carrier; each of these dies acts as a separate signal amplifier.
Once through the die, the signal is then recombined for a high power. To optimize the
signal recombination, the phase of the independent amplifications needs to be the same. If
the bond gaps between components are larger than others, the resulting bond wires are also
longer. These bond wires also might have to increase/decrease loop height to compensate
for different distances. These differences in the end bond wires creates two independent
inductance factors to resist the signal transmission. These inductances will ultimately
contribute to offsetting the phase during recombination. Improper phase mismatching will
create a scenario where destructive interference will occur which will ultimately hinder
device performance. It is imperative to create constant bond gaps between independent
circuit lines when signal recombination is the end goal.
Skew: Skew, or tilt, is also a major concern when dealing with RF devices. Tilting
components does two things. Initially, tilt of components will offset the intended wirebond
locations. The second negative repercussion of tilt is the changing of signal path. By
altering the directionality of the RF signal (to the theta of the component), the signal is
misdirected and the only way to compensate and complete the connection is via longer
22

bond wires in a tilted direction. This signal misdirection ultimately leads to power loss and
phase matching issues. Tilt can occur in the x and y plane, but can also happen in the zaxis; both need to be considered and addressed when designing this process.
Bond Pad Alignment: Bond pad alignment specifically references when two
adjacent bond pads are deviated from linearity, resulting in a situation where the only way
to electrically connect the two pads is via a diagonal bond wire. Diagonal components and
wires redirect the signal path causing phase matching and performance issues. This
phenomena is similar to that of skew and bond gap. Diagonal bond wires create scenarios
where inductances will hinder signal transmission. Without keeping this consistent, the
phase matching will result in destructive interference hindering output response.

2.5 Vacuum Reflow Superiority
Among the most successful methods of voiding minimization is vacuum reflow.
Multiple companies have been founded on making only these systems. Companies have
claimed to consistently minimize voiding levels to less than 2%. Others have claimed with
their machines and weighting additions to be less than 1% voiding (Wilson, 2014). Because
of the consistency in successful applications, vacuum-attach has even been claimed to be
the standard for voiding minimization (Lee, 2016).
Vacuum-attach is becoming commonplace to achieve void free attachment. Internal
research discussed in Chapter 5 has coincided, and even out preformed, other reports of
small voiding levels. Vacuum-attach has been shown to work with various epoxies as well
as solder preforms (Sweatman et al., 2013). It has also been shown to be effective on
reflowing large and small areas of circular and rectangular geometries such as thermal pads
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and BGAs (Sweatman et al., 2013). In general, vacuum reflow systems are marketed for
their ability to minimize voiding in a variety of applications.
SST International published an experiment in 2014 with voiding levels underneath
GaN die using AuSn eutectic preforms. This experiment was conducted with 20 samples
and resulted in an average of 0.576% voiding with the largest overall voiding levels
reaching 1.6% (Wilson, 2014). Also, the largest singular void, which is a critical in certain
applications, was only measured to be 1.04% while the average of singular voids only
measured 0.341% (Wilson, 2014). In many cases for this experiment, preforms were not
ideal. Preform size was also a factor and even with butting preforms together, in certain
instances, SST International was able to achieve less than 0.6% voiding (Wilson, 2014). In
all cases, the voiding levels achieved from vacuum-attach were minimal. All voiding
images are shown in Figure 2.6. CSAM imaging was done to view underling solder
interfaces and an unknown image-processing software was used to quantify the voiding
percentages. SST International also maintains that weights help reduce voiding levels. An
article by SST International indicated overall improvement in voiding levels with addition
of weights while also increasing passing rate (Zapella, 2016). Figures 2.1-2.4 displays the
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findings. Figure 2.6 displays the CSAM results which resulted in 0.576% voiding (Wilson,
2014).

Figure 2.6: SST International CSAM Images GaN Attachment Experiment
(Wilson, 2014)
Addition of weights to minimize voiding is not universally agreed upon. Other
research has shown that the addition of weights does not impact the amount of voiding
(Nelson et al., 2009). The claims have even been made that the increase of downward force
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increases void content (Nelson et al., 2009). It is important to note that the experiment
claiming negative effects of downward force also are using epoxy without vacuum reflow.
SST International is not the only company who has experienced and published
minimal voiding levels with a vacuum-attach methodology. Rehm Thermal Systems is
another company that published a white paper on the voiding level decrease via vacuum
reflow (Ottl, 2012). Figure 2.7 shows the results found during the company’s research.
Based on Figure 2.7, it is clear that as the vacuum level is increased from no vacuum, to
10mbar, and to 100mbar, voiding levels decrease. Furthermore, the decrease in voiding
levels from no vacuum to 10mbar are much more significant than the reduction from
10mbar to 100mbar (Ottl, 2012). Evidence like this supports vacuum-attach as being
superior in reducing voiding levels.
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Figure 2.7: Rehm Thermal Systems Vacuum Reflow Results (Ottl, 2012).

Voiding mitigation with respect to volume and surface tension follows the YoungLaplace equation assuming the mass of the gas is constant (Sweatman et al., 2013). Figure
2.8 shows the formula.
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Figure 2.8: Young-Laplace Equation

Clearly, there is a relationship between pressure changes and radius of void. This
relationship can be exploited by use of vacuum chambers and their ability to create vacuum
and introduce gasses (Sweatman et al., 2013). There are unique advantages to this. First,
by increasing voiding size, there is a greater likelihood of the gas escaping (Sweatman et
al., 2013). Second, increasing voiding size will cause a chain reaction for multiple bubbles
to combine, resulting in an even larger bubble with greater probability of removal
(Sweatman et al., 2013). To test this theory, an experiment was conducted comparing
atmosphere versus vacuum-attachment with void levels as the response. Figure 2.9 displays
the results of the experiment. Clearly, there is a numeric reduction in voiding in all cases
with vacuum being the lesser of the two. This experiment is one of many that have
demonstrated minimal voiding levels with a vacuum-attach methodology.

28

Figure 2.9: Voiding Levels on Vacuum vs Air on Thermal Pads and BGA
(Sweatman et al., 2013)
Also important to this research is not just the delta pressure, but also the use of
vacuum eliminating oxides. For this, another experiment was done utilizing inert nitrogen
versus air. The results are shown in Figure 2.10. These results still indicate some voiding
improvement; but not nearly as aggressive of an improvement that was seen with the
vacuum. As in hand-attachment, the small beneficial impact of using an inert cover gas is
likely attributed to a shielding effect that the nitrogen casts over the oxidation area
(Sweatman et al., 2013). These results are a clear indication that changing pressure in inert
environments is the most reliable way to achieve acceptable voiding levels (Sweatman et
al., 2013).
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Figure 2.10: Voiding Levels on Nitrogen vs Air on Thermal Pads and BGA Balls
(Sweatman, et al., 2013)

2.6 Chapter Summary
Multiple prior efforts have shown the impact of vacuum-attachment on voiding
levels. Various researchers have shown the main causes of voiding being outgassing within
the interfacial layer. The following chapter will explain, in detail, the methodology used in
this research. Chapter 3 will use the knowledge acquired on voiding mitigation to identify
a framework by which a production process can be built to eliminate voids within a AuSn
eutectic die attach process.
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Chapter 3: Research Methodology

3.1 Introduction
Utilization of a vacuum furnace to develop a die attach process requires a
fundamental understanding of the machine and material. This chapter will describe the
inner mechanics behind the die-attach material utilized in this research.

3.2 Process Characteristics
There are multitude methods by which die attachment can be achieved. With
minimization of voiding in mind, the utilization of a vacuum furnace has been shown to be
better method for die attachment when compared to scrub-assist or other methodologies
(Lee, 2016). Thorough comprehension of the machine, fixturing, profile, and process
material is required for this research
3.2.1 Vacuum Furnace
A vacuum furnace is a tool that has the ability to control pressure through gas
introduction and vacuum drawing while simultaneously controlling temperature through
conduction-style heating via electrical current modulation. Being in a vacuum, material
cannot be heated adequately using traditional convection-style heating as there is minimal
atmosphere. For this reason, conduction heating is used which is dependent upon physical
contact for heat transfer. The advantage to this style of process is the removal of oxides
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and active atmosphere during high temperature applications. This eliminates oxide
reactions on a much larger scale than the use of cover gasses in scrub-assist and reflow
ovens.
For this project, a 3130 SST International vacuum furnace is the machine to be
utilized and is shown in Figure 3.1.

Figure 3.1: SST International 3130 Vacuum Furnace

This machine has the ability to monitor and control both pressure and temperature.
It can also control the rates by which these variables are increased. With the extended heat
option, this particular furnace has capabilities of reaching 1100⁰C. Key machine
capabilities are outlined in Table 3.1.
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Table 3.1: 3130 Furnace Capabilities

As previously mentioned, a vacuum furnace applies heat through conduction
heating. Conduction heating is the passing of electrical current through a conductive
material and the resistivity of said material generates heat. This type of heating can be
controlled by the increase or decrease of the electrical current. Figure 3.2 is the open and
empty processing chamber.

Figure 3.2: SST International 3130 Open Processing Chamber
In this figure, the two copper hermetically sealed electrodes are the location of
current introduction. A conductive material needs to bridge the gap between the two
electrodes in order for this processing technique to work; the material is typically graphite
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and will be discussed in the following section. The wire labeled ‘Thermocouple’ is the
sensor that communicates the tooling temperature to the machine itself. Knowing what the
temperature is set at versus that actual temperature will produce a ΔI (change in current) to
adjust the processing temperature accordingly. This feedback control is critical to machine
functionality. The pipe labeled ‘Gas Inlet’ is part of the mechanism by which gasses can
be introduced to increase system pressure. The holes at the base of the chamber are the
locations by which the vacuum is pulled. Various combinations of time, temperature, and
pressure parameters can be coded to create what is known as a ‘profile.’ Various
applications will require different profiles; this topic will be discussed more in Section
3.2.3.
The vacuum furnace’s ability to delicately control pressure and temperature can be
used to create specific profiles for heating applications where voiding levels are critical,
such as die attach processes. The unique ability to eliminate active atmosphere creates an
environment where high temperature reactions can be mitigated by minimal or inert
environments. The material of choice for these applications is graphite and the terminology
used to describe the graphite tooling for this project is ‘fixturing.’
3.2.2 Fixturing
The choice of material is critical for high temperature applications requiring
minimization of voiding as well as component accuracy. Graphite’s unique material
properties provide these necessary characteristics. Graphite’s ability to withstand
extremely high temperatures makes it a popular tooling material for these applications.
Graphite has no melting point; instead, it will breakdown into gaseous form at
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approximately 4000⁰C. Temperatures this extreme are rarely required for manufacturing
purposes making the material suitable for a plethora of applications.
Graphite has a very low CTE at 2-6(10-6m/ (m K)). For reference, a typical metal
Copper has a thermal expansion rate of 16.6(10-6m/ (m K)). As previously mentioned,
alignment is a critical factor in signal transmission and therefore the mechanism to provide
this alignment needs to remain as constant as possible throughout processing. The minimal
thermal expansion rate makes graphite a desirable material for high temperature
applications requiring a constant dimension.
Another characteristic of graphite is its conductivity. For certain purposes, this
conductivity is extremely valuable. While in other cases it can be detrimental to the
process. For conduction heating, an electrically conductive bridge needs to connect the
electrodes to allow current to pass. Graphite’s conductivity is required for this application.
Graphite’s conductivity is also a benefit in terms of ESD concerns. Its conductivity helps
dissipate charges slowly and safely to protect sensitive electric circuits. Graphite is often
the material of choice to mix with nonconductive materials to provide the electrical
conductivity. Graphite’s soft nature makes it prone to particulation through common
handling and processing. This particulation has a tendency to leave residual material on the
units being processed, thus creating a high risk situation. Small particles can bridge
electrical traces and add extra capacitance to transmission lines; this is essentially ‘tuning’
the transmission line to a different Ohm value. Bridging lines will cause electrical shorts
while the extra conductive material will change the properties of the transmission lines
which will tune the signal to an undesired level. Both of these scenarios need to be
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eliminated; making the cleanliness of processing a critical aspect of graphite use in
electrical circuits.
Each application will require a custom built set of fixturing. For this project, an
outside company was commissioned to develop a fixturing concept to provide the required
alignment. Figure 3.3 shows the large scale fixturing concept. The fixturing in its entirety
is also called a ‘boat.’ Figure 3.4 shows the smaller pieces of the fixturing which are known
as ‘alignment tabs.’ The tabs get placed with all necessary components and preforms into
the base assembly’s carrier slots. The top assembly is then placed on top before the entire
boat is placed into the vacuum furnace for processing.

Figure 3.3: Original Fixturing Concept (Boat)
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Figure 3.4: Original Fixturing Concept (Alignment Tabs)
3.2.3 Attachment Profile
One of the most critical aspects of this die attach process is the profile. In a eutectic
die attach process, the instantaneous melting of the solder creates a narrow window of time
for the reflowing to occur; making the timing of heating and pressurization very critical.
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Figure 3.5: Eutectic Die Attach Profile

This profile is a standard RSS (Ramp-Soak-Spike) structured profile. With a RSS
profile, there are four stages, namely, ramp, soak, spike, and cool down. Each of these
stages plays a key role in the processing of these parts. Figure 3.6 shows the timing of the
individual stages.
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Figure 3.6: Profile Stages
Ramp: The ramp stage of the profile can arguably be broken into two stages
including an initialization and a ramp. For simplicity purposes, these were combined.
During this step, an initial vacuum is pulled to eliminate a bulk of the chamber’s oxides.
Gas is then introduced to the system and then vacuumed out; this initialization is known as
a ‘flush.’ Flushes are done to purge the chamber and remove any other surface oxides that
may not have been pulled directly from the initial vacuum. Once the chamber has been
flushed, the heating ramp initializes and continues to heat the tooling to a soak temperature.
Also during the ramp, the system introduces gas to keep a constant pressure for the
following stage.
Soak: The second stage is a soaking period. This stage is under a constant pressure
and temperature for a duration of time (depending on the mass and type of material, longer
or shorter soak times maybe required). The purpose of this step is to ensure even heating
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of all material. Various materials have different thermal properties which can be exploited
and detrimental to the design if not managed properly. The soak stage is meant to combat
CTE mismatch in preparation for the max temperatures that will be reached during the
subsequent step.
Spike: The spike stage is where the reflow temperatures are reached and
pressurization timing is critical. When working with AuSn eutectic solder (details
regarding AuSn eutectic solder can be found in Section 3.3.1 Solder), the melting point is
283⁰C. To be able to effectively reflow the solder, temperatures from 20-30⁰C must be
reached. Immediately starting at this step as a relatively quick heat ramp to spike to reflow
temperatures. Also, the chamber pressurization begins. Once this peak temperature is
reached, there is a recommended dwell period to ensure that all of the solder has completely
reflowed to a liquid state. While the solder is in liquid state, the profile rapidly pressurizes
the chamber. This makes the timing important. This pressurization is critical to the
attachment interface as the inner chamber pressurization creates a mechanical force that
provides a scrubbing mechanism to help bind the die to the substrate. Once this spike is
completed, the profile begins the last phase.
Cool: The cool down phase starts by turning the heat off and keeping a nitrogen
pressure. Nitrogen is an inert cooling gas and is used to cool the material down more
readily. Once temperatures are below melting point, the profile opens the exhaust chamber
which releases pressurized gas. Various material masses and thermal conductivities will
require different cooling times. For this application, approximately a 10 minute cooling
period is sufficient. A built in cool-down period of approximately four extra minutes is
added for safety concerns.
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3.3 Process Material
The scope of this project was not to research alternative processing materials. There
are three main materials that were chosen for this specific application; these materials
correspond to the critical portion of the die attach. These materials are the solder, substrate,
as well as the die.
3.3.1 Solder
The attachment interface material is AuSn (gold-tin). The percentage composition of
80% gold and 20% tin is the eutectic mixture of the metals. Eutectic is a uniquely defined
percentage composition of substances wherein the melting and solidification point are the
same temperature which is lower than any other combination of the two (or more)
substances. This means that an almost instantaneous reflow of the solder can occur; this
fact adds to the critical timing of the pressurization during reflow mentioned in Section
3.2.3.
For this application, the use of solder preforms was used. A preform is a desired size
of a predefined dimension or shape of material formed prior to application. For this
attachment application, the preforms are small sheets of eutectic AuSn that are cut to a
rectangular dimension that corresponds to approximately 90% of the component
dimension. For the MMIC die (signal amplifier chip where thermal dissipation is critical),
the preform dimensions are 0.134 x 0.107 x 0.001 inches compared to the die size of 0.154
x 0.113 x 0.004 inches. Preforms provide a few unique advantages than other solder
methodologies such as paste. Preforms dimensionality is much more consistent and easer
to apply. This results in a more consistent and even fillet around solder joints. Preforms
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flatness and consistency of application minimize the risk of component tilting. Tilting
components is a well-known issue with epoxy/solder dispensary methods.
AuSn is a popular choice for many applications because it is flux-less. The use of
flux has the potential to damage devices. Flux is also reactive and outgasses during high
temperature processing. These gaseous flux reactions are thought to be a primary source of
voiding. Being able to use solder without the risk of flux is beneficial to production. AuSn
also has extremely high mechanical strength in its bond. AuSn tensile strength is
40,000lbs/in2. This makes it a popular choice for aggressive environmental applications.
This solder reflows very well and has zero wetting angle. It reflows very well and disperses
completely. Pressure is required to obtain proper reflow; chamber pressurization is built
into the profile to accommodate for this. AuSn also is primarily made of gold which makes
it incredibly resistant to environmental applications in non-hermetic packages. Thermal
conductivity is also sufficiently high at 0.57(W/cm°C @85°C). The CTE of AuSn also
matches that of high reliability devices such as GaAs. GaAs is the style of MMIC devices
used for this application and is referring to the Gallium Arsenide transistors used for RF
signal amplification. Finally, this solder is electrically conductive to serve as the ground
plane medium between the backside metallization of components and the carrier substrate.
AuSn is a reliable, durable, and widely used solder for its plethora of properties.
3.3.2 Substrate
The substrate for this process is a CuW base metal with a gold over nickel plating
scheme. Copper and tungsten do not molecularly interact; therefore this metal combination
is actually known as a pseudo alloy. These two alloys are typically combined to utilize the
individual metal’s characteristics. Copper’s thermal conductivity is very high at
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390(W/m.K) making it widely used for thermal dissipation purposes. Tungsten’s thermal
conductivity is only 173(W/m.K) which is categorically worse when compared to copper.
However, tungsten’s CTE is only 4.5(10-6K-1); which is significantly smaller than copper’s
CTE at 17(10-6K-1). These two metals are thus mixed together in a matrix dispersion to
create a unique alloy where the individual characteristics of both are present. CuW mixed
have a significantly low CTE due to the amount of tungsten while maintaining thermal
conductivity through the presence of copper. Various percentages of these two alloys
provide desired characteristics for their respective applications.
For this particular application, the base metal is CuW at 10% copper and 90%
tungsten. The resulting characteristics of this metal mixture are outlined in Table 3.2.
Table 3.2: Cu and W Properties
Material

CTE (10-6K-1)

Cu
W
Cu10W90
Cu20W80

16.6
4.50
6.50
8.00

Thermal Conductivity
(W/mK)
390
173
190-200
210-220

The combination of these two distinct metals creates a mixture by which two critical
properties, CTE and thermal conductivity, are optimized for a particular application. The
small addition of Cu increases the thermal conductivity by approximately 17(W/m.K)
while the 90% portion of W shows a reduction of 10.1(10-6K-1) as compared to Cu’s CTE.
Other various combinations of these metals can produce different characteristics that are
application dependent. Another popular mixture is CuW is a 20/80%wt. This pseudo
alloy’s properties are also outlined in Table 3.2.
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The attachment surface is paramount to the elimination of voiding. Rough surfaces
create opportunities for air molecules to collect. Air pockets throughout the surface of an
interface makes voiding mitigation more difficult in the manufacturing process. Surface
roughness is a general specification applied to most processing surfaces; for this particular
part, the surface roughness specification is 16 RA in micro-inches (Roughness Average in
relative micro-inches).
Also critical to an attachment interface is the cleanliness of surface. Contamination
residing on the surface, or embedded within the plating, can result in voiding as well as
plating blistering through high temperature reactions. Both voiding and blistering need to
be mitigated. Contamination can result in reactions that can result in outgasses which
directly results in voiding. The integrity of the substrate surface is highly critical in a die
attach application.
3.3.3 Die
The die used for this application is a GaAs semi-conductor MMIC die; the die is a
Ku Band 6.5W power amplifier. This die operates in frequency ranges 13-18GHz while
providing a saturated power output of 38.5dBm with a 24dBm nominal gain; dBm is a
measure of reference power against an absolute value of 1mW.
The die is comprised of two transistor banks by which the signal gets amplified; each
stage of power amplification makes thermal dissipation more critical. Figure 3.7 shows the
MMIC die, as well as the current direction (right to left) with the high temperature zone.
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Figure 3.7: MMIC Die and Current Direction
GaAs is a popular semiconductor die choice for its CTE matching with the AuSn
interfacial material. CTE is a critical parameter for all mating materials in high (or low)
temperature applications.
Understanding where thermal dissipation is critical in understanding the validation
methodologies for testing and passing these units. The interface is critical to thermal
performance and thus long term reliability. The following section discusses the interface
evaluation techniques and methodologies for image qualification.

3.4 Validation Testing
The method by which images of attachment interfaces are obtained is via CSAM (Cmode scanning acoustic microscopy). CSAM is a nondestructive test which utilizes
ultrasonic frequencies to penetrate surfaces to create images of interfacial regions. A
moving ultrasonic transducer bombards the unit with frequency waves and upon the return
(or lack of return) a grey scale image is produced of the underlying interfacial layer.
Another common methodology for obtaining interfacial images is x-ray. For this particular
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attachment interface, the interfacial area of interest is less than 0.001 inches thick; this thin
layer is difficult for x-rays to handle which makes CSAM a much more viable option for
inspection.
3.4.1 CSAM
CSAM is a methodology for obtaining interfacial regions via ultrasonic energy
penetration. After hitting the desired area, the ultrasonic energies are reflected back and
recorded via an ultrasonic transducer. This transducer converts the information from
ultrasonic wavelengths to a corresponding image; voiding areas and material areas have
different reflective properties which allows the transducer to code which areas are seen as
having material vs. lacking material.
Figure 3.8 shows a CSAM image result from a randomly selected MMIC die.

Figure 3.8: CSAM Image Void vs No Void
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The CSAM images will provide a means by which attachment interfaces can be
identified as acceptable or unacceptable. One common methodology for qualifying
ultrasonic die attach images is through MIL-STD-883 method 2030. The product line for
this research is non-military related therefore these metrics were not used. However, there
are some general guidelines for die attachment interface validation. These guidelines are
roughly defined and are generally peer agreed upon. The guidelines for rejection criteria
are:
[1] When the interface region of interest exhibits interface voids greater than 5% of the
overall intended interface region
[2] Total of voids in excess of 25% of the total intended interface region

Both metrics play a key role in providing a sufficiently functioning die for reasons
discussed in Chapter 2. Rejection Criterion [1] requires the quantification of voiding in a
percentage format while always defining what the ‘critical region’ or ‘region of interest’ is
to ensure no greater than 5% is within said area. Rejection Criterion [2] requires the
quantification of the entire die attach interface to ensure no greater than 25% is reached.
As previously mentioned, the critical area for this particular die was defined as the last
transistor bank at which the highest powers and greatest amount of heat are generated.
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Figure 3.9 outlines the location as well as the allowable percentages for both rejection
criteria.

Figure 3.9: Critical Region(s)
With the rejection criteria and area defined, a quantification methodology needed
to be developed to take black and white images and convert them into meaningful
percentages to compare against the rejection criteria.
3.4.2 MATLAB Image Processing
MATLAB’s image processing toolbox was utilized to convert these raw images into
quantifiable data. Quantification of this data is imperative to experimental design analysis
as well as adhering to the pass/reject criteria. The JPEG format of the CSAM images is
useful for compression purposes but is difficult for image processing as the compression
style of file eliminates imbedded information; this information is critical for large scale
image processing and differentiating grey pixels as void or non-voided area. For this
reason, a visual confirmation of greyscale image was introduced to this program via a stepthrough threshold algorithm; this step-through algorithm continually adjusts the threshold
value until the program operator validates that the greyscale converted image of black and
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white is an accurate representation of the original image. This step-through algorithm
inputs quantitative information back into these images as the JPEG compression eliminated
crucial aspects of the image. A default greyscaling algorithm was used for initial imaging,
but a step-through incremental threshold of the greyscale conversion factor was employed
to create a more fitting solution to the greyscale matching. Visual confirmation of an
operator validates the algorithm’s decision.
With the implementation of this image processing program, a standardized
quantitative approach was applied to a traditionally subjective evaluation process of
ultrasonic images. This program is now the standard methodology to compare CSAM
images against rejection criteria. This program is not limited to this single application; it
can, and has, been used to evaluate relative area for multitude scenarios; including military
related projects.
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Examples of the output screens associated with the image processing program can
are shown below. Figures 3.10 and 3.11 are examples of a passing CSAM evaluation; while
Figures 3.12 and 3.13 are examples of rejected CSAM images for both criteria.

Figure 3.10: MATLAB Output Images (PASS)

Figure 3.11: MATLAB Output Percentages (PASS)
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Figure 3.12: MATLAB Output Images (REJECT)

Figure 3.13: MATLAB Output Percentages (REJECT)
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It is also important to reiterate that this quantification ability provides a means by
which experimental designs can be analyzed if voiding is the response. Quantitative data
are required for data analysis so the implementation of this image-processing software not
only creates a tool to accept interfaces but it also allows experiments to be evaluated with
voiding as the response of interest.
3.4.3 CSAM Confirmation
Part of the ultrasonic inspection processes is validating the CSAM. A typical
methodology for this is cross-sectioning; for time purposes, physical lapping with a parallel
slide tool was used. Parallel lapping is a slide board with micro-inch precision that allows
a user to gradually remove surfaces; this was used to strip the MMIC chip from the
interfacial solder layer. Figure 3.14 shows the major features of the respective images. The
circled areas identify the location of major features. Consistency locations between the two
images establish confidence in the CSAM’s depiction of the underlying interfacial layer.

Figure 3.14: CSAM vs Lapped Images
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3.5 Chapter Summary
This chapter first discussed the vacuum furnace and processing profile by which
minimal voiding has been documented. It also provided an in depth look at the tooling used
for this research. This chapter also provided a detailed look into the material (preforms,
substrate, and die) chosen for this research and their critical properties related to this
application. Finally, this chapter introduced the MATLAB program that will be used to
extract quantitative information from the CSAM images and compare them against the peer
agreed upon rejection criteria. This software will also be the means by which to convert
the JPEG CSAM images into quantifiable data for experimental analysis. Chapter 4 will
detail the initial successful samples, subsequent problems, and correction methodologies
associated with development of this process.
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Chapter 4: Process Development

4.1 Introduction
With the framework for the process outlined in Chapter 3, the remaining portion of
the research is to fine tune the process and make the necessary adjustments. This chapter
goes through the entire process’s development methodology. Section 4.2 discusses the
early trials and their results in terms of voiding and alignment. The remaining sections
discuss procedural adjustments and experimental techniques used to solve unforeseen
issues to accomplish the goal of minimal voiding and sufficient component alignment.

4.2 Initial Samples
The first attempt using the vacuum furnace for die attachment was done to view the
feasibility of this project. With the use of a hand-cut Teflon bracket (this bracket was used
to hold the die in place), a single die was attached to a carrier. The purpose of this initial
run was to qualify the vacuum furnace’s ability to produce acceptable voiding. CSAM
results are shown in Figure 4.1.
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Figure 4.1: CSAM Teflon Bracket

The CSAM image looks promising with minimal voiding throughout. As confirmed
by MATLAB (Figure 4.2), the image passed both criteria by [1] having less than 5%

Figure 4.2: MATLAB CSAM Evaluation
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voiding in the critical area while [2] having less than 25% overall voiding. Chapter 2
discussed vacuum-attach as being a standard methodology for near void free die bonding.
This, coupled with internal success, supported efforts for continuing this research.
With promising established in the application, the graphite fixturing concept was
used to run mechanical samples of die for feasibility in producing consistent, controlled,
and minimal voiding levels as well as necessary alignment. Mechanical samples were used
as often as possible due to the relatively high unit cost of MMIC die.

4.2.1 Voiding
After four individual attachment runs, eight CSAM images were collected (two die
per carrier). Images were processed in MATLAB and the voiding percentages are shown
in Table 4.1.
Table 4.1: Engineering Runs Percentages
Engineering Runs Percentages
Die A
Carrier
1
2
3
4

Criteria 1
0.52%
1.46%
0.22%
2.26%

Die B

Criteria 2
1.41%
4.42%
3.52%
4.31%

Criteria 1
1.39%
3.42%
1.06%
3.84%

Criteria 2
4.81%
6.55%
3.86%
5.80%

All four trails exhibited minimal amounts of voiding. Of the eight images, none were
rejected by either Criteria [1] or [2]. Due to the expensive nature of material (there was no
mechanical sample substitute for substrates and preforms), only four trials were processed.
The repeated success of voiding level established more confidence that the process
mechanism and machinery are suitable to provide acceptable voiding levels. The second
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needed outcome of the process is the component alignment for signal transmission and
phase matching. The following section explored these results.
4.2.2 Alignment
A secondary requirement critical to RF performance, especially in the Ku Band
range, is component alignment; see Section 2.0 for details. It is important to reiterate that
this attachment process, though focusing on the attachment interface between the MMIC
and carrier, is also used to attach other components as well (see Figure 1.1 for details).
When discussing alignment there are three defects that fall under this category: skew (tilt),
bond gap distance, and bond pad misalignment (offset). The results of these trials are
shown in Figures 4.3-4.6. These figures highlight the three aforementioned alignment
issues as well as preform sliding. Though preform sliding is not directly related to
alignment, it is a process defect and is an indication of component movement and is
therefore considered in this section, but will not be quantifiably measured or analyzed.

Figure 4.3: Engineering Unit Carrier 1
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Figure 4.4: Engineering Unit Carrier 2
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Figure 4.5: Engineering Unit Carrier 3
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Figure 4.6: Engineering Unit Carrier 4
Evaluation of these four runs provided sufficient evidence that the fixturing concept
was inadequate for producing the required alignment. Multitude examples of the various
problems are seen on all carriers; some worse than others, but all insufficient.
These failures occurred because there was opportunity for the components to move
during reflow. The gas purging portions of the attachment profile (discussed in Section
3.2.3) creates inner velocities and forces that cause components, if not secured, to move
prior to solder solidification. During various gas introductions of a profile, inner turbulence
will move components. . The components had opportunity to move because of the
tolerances built into the fixturing. This phenomena, known as “tolerance stacking,” is a
concept stating the summation of a group of tolerances will increase the end result
accuracy. In a single phased attachment step, there are a total of 14 components and 4
alignment tabs. This transpires into an assembly of 18 pieces that all have a respective
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tolerance. The initial fixturing concept was designed for a single phase attachment and
compensated for all component tolerances; thus resulting is large bond gaps and room for
component skew.
The fixturing proved itself worthy of creating sufficient voiding levels while falling
short of adequate alignment. The single phase attachment fixturing had too much tolerance
built within; resulting in a fixture redesign initiative.

4.3 Fixture Redesign
Redesigning the fixture involved only adjusting the alignment tabs. Tolerance
stacking is unavoidable when trying to processes multiple pieces in a single run. Though
unavoidable, tolerance stacking can be minimized by dividing a process into numerous
steps and compensating for smaller number of tolerances per step. This multi-phased
approach was applied to this research and is discussed in the following section.
4.3.1 Dual Phase Attachment
The initial attachment concept was altered by adjusting the intermittent shims within
the main frame shim. The first multi-phase attachment approach was utilizing two different
attachment steps. Each step would require custom fixturing; the dimensions of this
fixturing were measured from over 50 previously built units with acceptable alignment.
Phase I: Phase I of the new concept consisted of attaching the two MMIC die and
the two adjacent white substrates. Figure 4.7 is a representation of the fixturing assembly
associated with Phase I.
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Figure 4.7: Redesigned Fixturing Concept Phase I
Initially, 5 trails of Phase I were run. Alignment results were vastly improved in all
areas. Of these initial 5 trails, minimal skew was observed while bond pad alignment was
greatly increased. Figure 4.8 is an image typical of Phase I. Immediate success was noticed
in the lack of skew as well as the accurately aligned bond pads which were noticed in all
previous trials.

Figure 4.8: Phase I Results
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Phase II: Phase II of the attachment process focused on the remaining components.
With confidence that the solder will not reflow again (see Chapter 3 for explanation of
AuSn’s multiphase processes property), the attached components (MMICs and adjacent
substrates) act as fixturing themselves. Figure 4.9 shows the Phase II fixturing concept.
Custom fixturing had to be manufactured in order for this dimensionality to work.

Figure 4.9: Redesigned Fixturing Concept Phase II
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As in Phase I, 5 trials were done with in Phase II. Typical results are shown in figure
4.10. Again, near-perfect component alignment was achieved. From the original fixturing
concept to the end result of Phase II, there was minimal skew, no misaligned bond gaps,
minimal distance between bond gaps and no preform sliding has been recorded.
The consistent success in the dual phase alignment concept was a significant

Figure 4.10: Phase II Alignment
milestone in the project. But before the research was taken further, confirmation that the
interfacial layer will not be degraded during a secondary reflow profile was needed.
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4.3.2 Alignment and Bond Gap Comparison
To quantify and measure the improvements in component alignment and bond gap
distance, a coordinate measurement system was used. Using the corner of the CuW carrier
substrate as a reference, Y1 and Y2 were measured. The difference between the
measurements (YΔ) will represent one side of a triangle (Figure 4.11). The known
component length (X) will be considered the hypotenuse. The angle θ can be calculated
using law of sines. The simplified equation is shown in Figure 4.11.

Figure 4.11: Theta Measurement Methodology
Each of the carriers has 14 attached components. The four trials of the single phase
attachment measured all respective tilts (thetas) associated with the components. Four
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samples of the dual phased attachment were also measured on all 14 attached components.
The resulting data was analyzed for normality. First via histograms, then via K-S tests.
Though the histogram for single phase attachment (Figure 4.12) indicates that the
data might be normal, the p-value < assumed α=0.05 on the probability plot (Figure 4.13)
indicates the data are not normal. For the dual phase, both the histogram (Figure 4.14) as
well as probability plot (Figure 4.15) indicate normality of data.

Figure 4.12: Histogram of Single Phase Theta
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Figure 4.13: Probability Plot of Single Phase Theta

Figure 4.14: Histogram of Dual Phase Theta
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Figure 4.15: Probability Plot of Dual Phase Theta

Without both data sets (Single Phase and Dual Phase) being normal, traditional
comparisons requiring normality cannot be used. Instead, an overlaid histogram was used
to compare the data on the same relative scale. Figure 4.16 is shown first comparing the
thetas between the two data sets (Single Phase vs Dual Phase thetas) as well as theoretical
normal distributions. Graphs were created on Minitab 17 software.
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Figure 4.16: Overlaid Histogram of Single and Dual Phase Theta (Degrees)
Comparing the two data sets in this manner provides a visual representation of the
process variation between a single phase and dual phase attachment methodology. The
single phase has a much larger range of typical values with a very short peak. Conversely,
the dual phase attachment has a very narrow window of values with a very sharp peak. If
looking only at the mean comparison, the single phase versus dual phase only has a
difference of 0.0365 degrees; this can be considered a very small discrepancy. However,
the single phase variability is nearly three times greater than that of the dual phase. This
difference is visually represented in Figure 4.16 and provides numerical support for the
dual phase processes as being the attachment method of choice when the goal is to
minimize and control component tilt.
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A similar methodology was applied to bond gap length. The histograms of these
measurements indicate the data are not normal. Overlaying the histograms provides
sufficient evidence of a process improvement; see Figure 4.17. The goal of bond gaps in
manufacturing is to keep them relatively small and consistent.

Figure 4.17: Overlaid Histogram of Single and Dual Phase Bond Gap (inches)
From Figure 4.17 it is clear that the dual phase bond gap is more consistent due to
its data concentration to the left side. The single phase has a much longer tail which
indicates a lack of consistency in the bond gap. The sharp peak associated with dual phase
attachment is another indication of data consistency and repeatability; the sharpest peak in
the smallest bond gap bin also provides evidence of bond gap improvement. The single
phase does have its highest peak near a small bin (0.002 inches); but the data are less
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consistent and more spread out when compared to the dual phase attachment. Table shows
the following summary statistics of these two attachment methodologies.
Single Phase
Alignment (⁰)
Bond Gap (inches)
Dual Phase
Alignment (⁰)
Bond Gap (inches)

μ
σ
0.268200 1.063000
0.004209 0.002998
0.170700 0.372500
0.002365 0.001436

Figure 4.18: Summary Statistics of Dual and Single Phase Attachment
4.3.3 Eutectic Confirmation
The unique eutectic properties of AuSn 80/20 makes a dual phase attachment
process relatively low risk. Multiphase attachment purposes are often used with gold tin
because of its gold absorption during processing. The surface of the carrier substrate is gold
plated. The backsides of all the attached components are gold plated as well. During the
reflow process, the high temperatures cause the liquid AuSn to absorb gold molecules from
the respective gold plated surfaces. Upon cooling, the result is a solidus material with a
higher gold percentage than before. When comparing this to the eutectic curve, slight
increases in gold content dramatically increase the melting point of the interfacial layer.
Figure 4.19 shows the phase diagram of AuSn.
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Figure 4.19: AuSn Eutectic Phase Diagram (Willis, n.d.)
Gold’s porosity property is exploited in this attachment to increase the melting
point beyond the temperatures by which the process is subjected to; therefore not changing
the interfacial attachment layer from component to substrate via multiple profiles. At a 2%
gold increase (82% Au and 18% Sn) the melting point increases to 350⁰C while a 4%
increase (84% Au and 16% Sn) skyrockets the melting point to 400⁰C (Mackie and Zarrow,
2016). These numbers are far greater than the operating temperatures of a lot of devices
making the 283⁰C melting point desirable for applications. But high gold percentage
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properties also confirm the multiphase processing technique that is often exploited in AuSn
eutectic because similar temperatures will not influence the solder interface.
To confirm this, four samples were twice subjected to the process profile. Each
time, CSAM images were taken and then compared. Figures 4.20 and 4.21 are the CSAM
images of the on die ran x1 through the profile and x2 through the profile, respectively.

Figure 4.20: CSAM Reflow Profile 1x

Figure 4.21: CSAM Reflow Profile 2x
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The two images are nearly identical. All major features remained constant for both
images. Slight differences appear in some areas, but these variations could be attributed to
CSAM inconsistency. This type of consistency was seen against all four samples that were
imaged. Due to the eutectic properties and CSAM confirmation, high confidence was
established in the feasibility of a dual phase attachment process.
With successful voiding and alignment, a pilot production release was initiated and
the results are discussed in the following section.

4.4 Pilot Run Failures
The initial pilot production run processed a small scale (eight units). These units were
run through the vacuum furnace using the standard production profile (Section 3.2.3); the
gas used was Gas A (coded). After running components through Phase I of the attachment
sequence, the solder layers were imaged via CSAM. Typical results are shown in Figure
4.21.

Figure 4.22: Pilot Production Run CSAM
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As confirmed by the MATLAB image processing program, the extreme nature of
voiding in Figure 4.21 resulted in a failing unit. This result was typical of the remaining
seven units. The pilot production run ran eight samples (a total of 16 images) with 16 total
rejected images; no image passed CSAM evaluation for either Criteria 1 or 2.
The 100% fail rate was surprising considering the earlier CSAM success. These
conflicting results suggested special cause variation. Understanding the reason behind
these catastrophic CSAM failures was placed as a high priority prior to production
processing.

4.5 Chapter Summary
This chapter discussed the initial proof of concept by producing die attachment
interfaces acceptable voiding via the vacuum furnace. Subsequently, initial alignment
results and the methodologies behind creating dual phase attachment technique to create
acceptable component alignment were discussed. The AuSn’s eutectic properties were
explained and verified as to why a dual phase attachment concept is a relatively low risk
scenario. Finally, a pilot production run was released with a 100% fail rate based on CSAM
evaluation. The following chapter will discuss the methodology used to determine the
cause of these catastrophic failures and, in doing so, prevent these failures during
production.
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Chapter 5: Results and Discussion

5.1 Introduction
The pilot production run failures were believed to be a special cause variation in spite
of earlier success as well as other documented vacuum furnace attachment results discussed
in Chapter 2. The results hindered the research development but also created an opportunity
to use statistical methodology to understand the root cause of these failures to try to prevent
them from happening in the future. The following section discusses the systematic
statistical approach used in this research to identify the root cause of these voiding failures.

5.2 Experiment A
The initial step to understanding these failures was to try and recreate the
circumstances by which they were produced. To recreate this, documented process
parameter settings from earlier runs were compared against the failure parameters. This
comprehensive list of differences will help identify major inconsistencies between the
success and failures. For the initial experiment, termed Experiment A, the list of differences
was internally discussed with members of the process engineering team. Taking inputs
from all members involved, an Ishikawa diagram was developed. Creating this diagram
will start to identify factors that will be tested in a future design of experiments.
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5.2.1 Ishikawa Diagram
The initial step in identification the factor definition was a brainstorming session
listing potential reasons for the striking failures. The brainstorming methodology chosen
for the list of differences between the successful runs and the failed runs resulted in an
Ishikawa Diagram (a.k.a, Fishbone Diagram). This diagram was used to capture potential
differences between the passes and failures. Figure 5.1 is the resulting Fishbone Diagram.

Figure 5.1: Ishikawa Diagram of Fail Voiding

All factors listed are potential causes of high voiding levels. After discussion with
the process engineering team, three factors were chosen to be experimentally tested based
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on logical reasoning. The three factors that were chosen are: carrier contamination, leaking
chamber, and process gas (Gas A or Gas B).
Carrier Contamination: Carrier contamination could also be justified in being
labeled as “carrier-supplier.” There are two main vendors for carriers, Supplier A and
Supplier B (supplier information is coded for confidentiality purposes). This specific factor
was chosen because the supplier used in the early engineering runs with successful voiding
used both Supplier A and B and their influence seemed minimal. However, the pilot
production run failures specifically used only one supplier (Supplier B). These specific
carriers looked darker than what was typical of past carrier surfaces. Darkness on a gold
plated surface is an indication of a few negative potentials. Darkness could mean a rough
surface. Darkness is actually the shadows created by the peaks and valleys in the surface
of the gold. The roughness can trap various gasses/particles between the preform and
carrier during application by which the vacuum may have trouble removing, ultimately
resulting in voiding in the interfacial layer. Darkness in gold plated surfaces could also
mean contamination. Foreign material either embedded into the plating, or on the surface
of the carrier, can cause outgassing as processing temperatures increase resulting in
voiding. Gold’s porosity property is used to the process’s advantage for reflow purposes
(multiphase attachment methodology), but it can also be detrimental if foreign material is
absorbing itself within the plating. The absorbed foreign material can cause outgassing at
processing temperatures which will result in voiding. The darkness associated with these
carriers suggests a potentially compromised surface which made this a candidate for testing
in terms of a formal design of experiments.
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Leaking Chamber: During certain profile runs of the pilot production trails, an
audible leak was heard coming from the chamber. During the pressurization at the peak
profile step, a leaking noise was heard from the top chamber lid. This leak did not occur
all the time but on certain runs it was noticeable. This leak was determined to be a direct
result of not closing the lid on the chamber tight enough. This issue has since been corrected
by instituting a visual queue arrow to let the operator known how tight the lid needs to
actually be. Prior to this, there was no indication of exactly how tight the chamber lid
needed to be.
The fear of this audible leak was that during the vacuum stages if the lid was not
completely sealed, there was opportunity for atmosphere to be introduced into the system.
Any sort of oxygen or reactive atmosphere introduced into the chamber will cause reactions
at processing temperatures. A pressurization leak is an indication of a system leak that
potentially allowed reactive atmosphere into the system which was designed to function
only in inert atmosphere. Recreation of this leak was difficult as the severity of past leaks
could not be determined as the tightening of the lid was likely inconsistent. But, a location
of the lid was found that would allow a leak during pressurization. This specific location
was physically marked with a red arrow to identify the threshold by which a leaking
chamber can be created. With the other level of this factor being a completely sealed
chamber via aforementioned visual cue system.
Process Gas A or B: Another known inconsistency was the process gas used during
the early engineering runs that produced acceptable voiding. For the failures, Gas A was
used For the early successes, the system was hooked up to multiple sources of gasses (Gas
A and gas B). The original profile used Gas B mix for the process gas; but after further
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investigation, the gas lines were switched. The time at which these gas lines were switched
was unknown, and therefore a clear determination of which gas was used that produced
acceptable voiding levels was unknown. Because of this inconsistency, the process gas
became a factor to be tested in a design of experiment.
5.2.2 Design of Experiment
Experiment A was designed as a general full-factorial experiment focusing on three
factors at two levels each (carrier-supplier, leaking chamber, and process gas) with voiding
levels as the response of interest (measured via MATLAB image processing program of
CSAM images) with three replications, thus, totaling 24 runs. Runs were randomized. No
blocks were incorporated as the day and operator were consistent. Trials were run one at a
time.
5.2.3 Results
The 24 CSAM images were quantified via MATLAB image processing. CSAM
images were then confirmed by two separate CSAM operators to provide confidence that
the images were actually representing the underlying surfaces. With confidence in the
measurement methodology, the quantifiable data was statistically evaluated.
Normality is required for traditional statistical evaluation such as ANOVA. For this,
a K-S Test was preformed to test the empirical data’s conformation to the theorized data
set’s cumulative distribution function for the normal distribution. Figure 5.2 is the K-S
graph and summary statistics (statistical evaluation was done using Minitab).
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Figure 5.2: K-S Test for Experiment A (Normal Distribution)
With p-value > assumed α=0.05, the K-S test fails to reject the null hypothesis that
the data are normal; therefore data are treated as normal. With normality verified, further
statistical evaluations were then explored.
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An ANOVA table was developed for the data. Table 5.1 shows the ANOVA.
Table 5.1: ANOVA Table Experiment A

Evaluation of the ANOVA table indicated that only two sources had significant
impact on the voiding results; these sources are the main effect gas as well as the interaction
between the carrier-supplier and gas. The low p-value (p-value < assumed α=0.05) of the
respective sources indicated strong evidence to reject the null that they do not factor in the
voiding response. Carrier-supplier was a fixed factor because the scope of this project only
had a total of two sources of carriers. Gas was also fixed as there were only two types of
process gas, Gas A and Gas B hooked up to the machine for processing (specific gasses
are coded for confidentiality). During the processing of the failures, the vacuum furnace
was hooked up to only Gas A and Gas B. For the purposes of the first experiment, the factor
is considered to be fixed as the system only had two possibilities in Gas A and Gas B.
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Further experimentation could use other gasses if desired. Leak was randomized as only
two levels (Yes and No) were chosen while there is potential for variable other levels that
could have been evaluated via various lid locations.
It is important to note that the coefficient of determination, or the r-square value, is
91.26% (adjusted value is 87.43%); meaning that the regression model can account for
approximately 90% of the observed data’s variability.
Following this initial look was a post ANOVA analysis focusing on Main Effects
(Figure 5.3) and Interaction plots (Figure 5.4) to understand the impact of the influential
factors. Figure 5.3 displays the main effects plots of the individual factors. The lack of
slope associated with both the carrier supplier and leak factor indicates minimal impact
while the steep slope of the gas confirms the significant impact seen in the ANOVA table.
The research goal is to minimize voiding; which qualifies Gas B as a better process gas.
The interaction plots (Figure 5.4) visually represent the impacts of the 2-way and
3-way interactions from the empirical data. Parallel nature of the graphical lines of the
graphs indicates minimal interaction. The significant interaction is shown between the
carrier supplier and gas graphs.
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Figure 5.3: Experiment A Main Effects
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Figure 5.4: Experiment A Interactions
Based on the statistical analysis, minimized voiding is best accomplished by no
leak, use Supplier B, and Gas B as the process gas. The results from Experiment A were
surprising as paradigms suggested the two gasses would result in such drastic differences.
Further investigation of the process gasses showed that Gas A had high levels of oxygen
in them. This was the same gas used in the pilot production run failures. Oxygen levels of
over 100ppm is contradictory to the vacuum furnace theory. The entire premise of a
vacuum furnace is its ability to eliminate active atmosphere and the introduction of
reactants into the processing chamber conflicts with the furnace’s benefit. Some of the
CSAM images appeared to have a similar visual appearance to the production run failures
that were trying to be recreated. It was known that Gas A was used in the pilot production
run failures as well as the experimental runs. With this knowledge and consistency in
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failures, the nature of the failures was attributed to the high levels of oxygen in the process
gas.
Understanding the catastrophic nature of the failures was the initial step in this
process development stage. The results of Experiment A showed that the process gas
played a significant factor in the outcome of voiding. There is no determination of which
gas should be used during attachment processing as a pure gas was not tested. Because of
this, a secondary experiment was run to understand the impact, if any, on two gasses coded
as Gas A’ and Gas B. Gas A’ is denoted as such to identify it as being the same type of gas
as Gas A, but a higher purity level. These two gasses are the same type of gas, but dissimilar
in their purity levels with Gas A’ being a much more pure form of Gas A.

5.3 Experiment B
Experiment B was done to test the effects of Gas A’ versus Gas B. The results from
this experimentation will result in support for a procedural decision moving forward. Due
to the expensive nature of the trials, only 8 total runs were conducted in a randomized
order. A t-test for statistical evaluation was done to determine if there is a difference in
voiding response.
5.2.1 Results
The 8 individual trials were then evaluated via the MATLAB image processing
program. The data are shown in Table 5.2
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Table 5.2: Experiment B Data

Normality of data was verified via the same K-S test methodology as was done in
Experiment A (see Figure 5.5). With an assumed α=0.05, the p-value greater than 0.05
indicates failure to reject null that the data are normal; therefore the data are treated as
normal. Due to the normal nature of the data, statistical comparison with a t-test was done.

Figure 5.5: K-S Test for Experiment B (Normal Distribution)
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A two-sample t-test comparison was done to compare the means of the voiding
levels between the two data sets. To determine the proper t-test, an initial F-test was
conducted to determine if the variances of the two samples are equal. If the variances are
equal, a pooled t-test will be used. If they are not equal, a two sample t-test for unequal
variances will be performed. F-test methodology is only valid if both independent
distributions are normal. Figure 5.6 and Figure 5.7 show the K-S tests for normality for
Gas B and Gas A’, respectively. Both have p-values greater than assumed α= 0.05 so data
will be treated as normal.
The F-test computation is outlined in this section. For this test, Gas B will be
considered s1 while Gas A’ will be denoted as s2. Assume α=0.05 for all tests.

Figure 5.6: Normal Probability Plot Gas B
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Figure 5.7: Normal Probability Plot Gas A’

H 0 :  12   22
H A :  12   22
F .05 (n1  1  3, n2  1  3)  9.28
F

s12
 19.39
s22

With the Fcalc greater than Fα=0.05, there is significant evidence to reject the null
hypothesis that the variances are equal. The t-test moving forward will account for unequal
variances.
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Table 5.3: Minitab output Test for Equal Variances Gas A’ and Gas B

With the p-value < assumed α=0.05, reject null; therefore, variances are not equal.
The unequal variance t-test will be used based on these results.
For the t-test, u1 will correspond to Gas B while u2 represents Gas A’.
The following section outlines the formulas and manual calculations done to
perform this t-test of unequal variances to statistically compare the means. Minitab will be
used to confirm findings.
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H 0 : 1   2  0
H A : 1   2  0
t

u1  u 2
s12 s 22

n1 n2
2

1 u 
  
 n1 n2 
v


1
u2
 2

 2
 n1 (n1  1) n2 (n2  1) 
u

s12
s22

t calc 

3.48  1.51
 1.96
3.84 .203

4
4
2

 1 18.97 
 

4
4 

 3.31  3
v
 1
359.8 



 16(3) 16(3) 
t critical  t / 2.025,3  3.182

With the tcalc value less than tcritical, fail to reject the null; therefore, there is no
statistical evidence to suggest the means are different. Minitab was used to confirm
findings and is shown in Table 5.4.
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Table 5.4: Minitab Output Two-Sample T for Gas A’ vs Gas B

With p-value > assumed α=0.05, fail to reject null that means are different.
Therefore, means are the same. Minitab results correspond to hand calculation.
Using the data from this experiment, a determination was made to use Gas A’ as
the process gas instead of the Gas B. The reason Gas A’ was chosen was because there is
data suggesting Gas B active atmosphere did not influence voiding response. Gas B also
runs a detrimental risk to the composition of the carriers. Data suggesting there is no effect
between the two gasses allowed Gas A’ to be the gas of choice moving forward.
Throughout these experimental trails, alignment remained consistent. With the
voiding problem understood and parameters selected, it was time to attempt a secondary
production run. The following section outlines the results.

5.3 Production Runs
Using Gas A’ as the process gas and the standard attachment profile, 8 units were
processed. A sample set of the resulting CSAM images are shown in Figure 5.9.
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Figure 5.8: Production Run I CSAMs
These CSAM results all passed MATLAB criteria and produced extremely low
voiding levels. The above images are only 6 of the 16 images; the remaining 10 images all
produced similar results. These voiding results were by far the best results to date. To help
confirm the process, another production run was conducted building 10 units.
Figure 5.10 shows a sample set of 6 images from the trial labeled ‘Production Run
II.” As in the Production Run I, CSAM’s passed all criteria; this was confirmed by
MATLAB. For even more confidence, a third run was done labeled ‘Production Run III.”
Results are shown in Figure 5.11 and follow suit with minimal voiding level from Runs I
and II. Of the 28 units run under the latest production runs, all 56 images passed CSAM
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evaluation with voiding levels less than 0.7485% on average (standard deviation of
0.6591).

Figure 5.9: Production Run II CSAMs

Figure 5.10: Production Run III CSAMs
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5.4 Data Analysis
The follow sections will outline the extent by which the Production Runs I- III were
analyzed. It will also explain the impact and reasoning behind the analysis.
5.4.1 Distribution Fitting
Due to the nature of the data being one sided (as it is impossible to define a negative
percentage of area), data lacks normality. Rather than attempting data transformations to
shift scale weighting to make data normal, a different distribution was fitted. Using
ExpertFit software, the Weibull distribution fitted to the empirical void percentage data.
Figure 5.12 shows the resulting histogram with the proposed Weibull fit.

Figure 5.11: Vacuum-Attach Weibull Fit
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The natural lower bound of zero (cannot have negative area) coupled with the
process ability to produce small amounts of voiding results in a very one sided distribution
concentrated around small values. The graph slowly tails out as well as larger amounts of
voiding become less likely. The Weibull distribution is often used for fitting purposes
because of its flexibility and is widely used in reliability analysis.
The parameters for the proposed Weibull fit were also estimated in ExpertFit and are
shown in Figure 5.13.

Figure 5.12: ExpertFit Distribution Parameters
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Finally, a K-S test was done to confirm fitness of distribution. K-S tests were
extensively done earlier to look at data normality but for this distribution, it was used to
confirm Weibull fitness. The resulting K-S test was done in ExpertFit and is shown in
Figure 5.14. With a p-value > assumed α=0.05, we fail to reject the null hypothesis that the
data follow the Weibull distribution. Therefore, the K-S confirms Weibull distribution fit
of data.

Figure 5.13: K-S Test Weibull Fitness on Void Data
The importance of fitting the data to a distribution is to initialize the process control
methodology. With a moderate sample-size of 56 data points, the process can begin to be
mapped and documented with relative confidence. Furthermore, estimates on future
expected voiding results can be subjectively hypothesized. Future data can now be
compared via graphical interpretation to previous data points for consistency or deviations
from the status-quo. Also, comparing the distributions shape (β) and scale (η) parameters
can be another subjective methodology to identify problems. Using this distribution as a
baseline for future comparisons could lead to identifying process shifts or special cause
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variations that may not be identified within the standard rejection criteria (discussed in
Section 3.4.2).
Though typical statistical operators do not apply to the Weibull distribution, there
can be meaningful conclusions drawn from data comparisons. The baseline Weibull
distributions’ parameters (β= 1.04171 and η = 0.75967) define the space by which future
data points should coincide. The shape parameter is known as the Weibull slope which
gives dimension and structure to the probability density function. The scale parameter is a
measure spread of the distribution. Increasing the value of η will shift the Weibull
distribution peak to the right while decreasing it will push it towards zero. Large deviations
from the baseline data in either of these two parameters can signify a potential special cause
variation. At this point, because traditional statistical comparisons do not apply, intuition
must be used in graphical comparison of distributions as well as subjective determinations
of shape and scale parameters to identify discrepancies as significant within two data sets.
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5.4.2 Distribution Comparison
As an example of how this data distribution comparisons can be used in a graphical
sense as well as a parametric sense, a comparison between hand-attached and vacuumattached voiding data was performed.
A summary table of the mean (μ) and standard deviation (σ) of the two sample sets
are shown in Table 5.5.
Table 5.2: Hand-Attach vs Vacuum-Attach
Summary
Hand-Attach vs Vacuum-Attach Summary
mean (μ) standard deviation (σ)
% Void
% Void
Hand-Attach
5.3987
6.4829
Vacuum-Attach 0.7485
0.6591

Clearly, the summary statistics in Table 5.5 are very informative. Not only is the
average hand-attach voiding multiple times greater than that of vacuum-attach, but the
standard deviation is nearly and order of magnitude greater. These are both indications of
process improvement from hand-attach to vacuum-attach.
Without traditional normal comparison analysis, a different methodology needs to be
used to make judgments about the processes. Graphical comparison is the most simplistic
and easily generated comparison. Figure 5.12 represents the voiding data generated from
vacuum-attach while Figure 5.15 is the hand-attached voiding levels. Graphically, the
distributions do not appear to be aggressively dissimilar. However, looking closely at the
x-axis on both graphs shows a significant difference. Vacuum-attach corresponds to
smaller amounts of voiding with its scale ranging from [0%, 2.6%]. Conversely, the handattach goes form [0%, 75%] which had to be done to encompass the large amounts of
voiding that occurred during the hand-attached methodology.
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Figure 5.14: Hand-Attached Weibull Fit
First glance of Figure 5.15 indicates that it might follow the Weibull distribution. To
test, a K-S test was done. Figure 5.16 shows the results using ExpertFit software.

Figure 5.15: K-S Test Hand-Attached Weibull
ExpertFit confirmed the rejection of this data fitting to the Weibull distribution. This
is the first indication that there is significant difference between the two data sets.
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To parametrically compare the two data sets, they must follow the same distribution.
However, these two data sets do not coincide to the same probability density function. To
accommodate this, assume data hand-attach follows the Weibull distribution; though this
is a large assumption to make, it will provide a means by which parametric comparison
between two data sets can be effectively used.
Figure 5.17 displays the Weibull parameters as β=1.11171 and η=5.65028.
Compared to the vacuum-attach parameters of β=1.04171 and η=0.75967, the differences
are drastic. The shapes of the graphs are relatively similar with a peak around the smaller
relative voiding levels to steep tail out. This coincides with a relatively similar shape
parameter measure a difference of only 1.11171 - 1.04171 = 0.070. Next, the scale
parameters η were compared from 5.65028 - 0.75967 = 4.89058. This large difference is a
clear indication of inconsistency within the two data sets. Hand-attach has a much larger η
which drives the distribution to the right which corresponding to a larger portion of the
Weibull probability plot around a greater voiding percentages. Conversely, the smaller η
value associated with vacuum-attach pushed the probability plot near the lower levels of
voiding. With minimization of voiding being the goal, it is clear that a smaller scale (η)
parameter is desirable and therefore vacuum-attach is the preferred methodology.
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Figure 5.16: Weibull Parameters Hand-Attach
Though this is not perfect example of parametric comparison, it does provide a means
to illustrate data comparisons in a graphical and parametric sense to identify discrepancies
between dissimilar data sets.
Graphically comparing data sets on a relative scale will show data correlations. Using
these two data sets, vacuum-attached and hand-attached, a bar graph was made and is
shown in Figure 5.17.
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Figure 5.17: Relative Scale Frequency Voiding Comparison
Using a relative scale to account for sample size differences, it is clear that the worst
(and also the smallest number of occurrences) vacuum-attached bin is at .02 fraction
voiding. Hand-attached, on the other hand, has its greatest number of occurrences, which
is its second best bin, around the worst bin for vacuum-attached. Due to discrepancies like
this, it is clear that the vacuum-attach methodology provides a smaller and more consistent
level of voiding than and attached.
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5.4.1 Heat Map Generation
Another useful methodology in image processing is heat map generation. For
voiding, heat maps can be used to identify patterns of consistent voiding locations.
Correlated locations could potentially mean a procedural technique that induces such
correspondence. In a manufacturing environment, it is important to understand the
procedural implications on outcomes; thus creating a desire to understand the impacts of
process methodologies.
MATLAB was employed to generate these heat maps. Through a long series of
iterations, a stacking algorithm was done to compile the images on top of each other. Once
compiled, data were normalized by converting the individual pixels to percentages. These
heat maps are relative measures of voiding locations; meaning they show the percentage
of images that experienced voids within the specific areas.
Using historical data from the previous hand-attachment methodology, 703 images
were stacked together and converted to percentage. Figure 5.18 shows the results of this
703-image compilation (the circled red area represents the critical area previous defined in
Section 3.4.1).
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Figure 5.18: Heat Map of Hand-Attach Voiding

The image above shows a relative concentration of voiding levels within the critical
area. Also notice on these images that the vias are clearly defined. Vias and voids are
difficult for the CSAM to disinguish. Having the vias show such a high locational
consistency establishes confidence that the image processing program is properly
compiling the images. The above data suggests that there is a systematic reason that is
consistent among approximately 15% of all hand-attached CSAM images, for voiding to
concentrate itself within the critcal area.

105

The same methodology was applied to the vacuum-attached data set.Because of the
relative lack of voiding, Figure 5.19 is not an imformative picture. Voiding locations are
so small and infrequent that developing a color map with the above scale does not show
where the voiding happens. Instead, a new heat map was generated on a different scale.

Figure 5.19: Heat Map of Vacuum-Attach Void
Figure 5.20 shows the resulting image. The different scale is outlined in Figure 5.20
and is generalized as number of voiding occurances as opposed to a percentage.
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Figure 5.20: Heat Map of Vacuum-Attach Void Adjusted Scale
When looking at this sample size of 56 and the realtively small amount of voiding,
creating overall percentages may not be the most telling. Instead, it is easier to categorize
colors by the number of voiding occurances. Figure 5.20 shows the number of occurences
as they correspond to color on the right-hand side. Dark Blue represents no voids in any of
the images, light blue accounts for 1, yellow for 2, orange for 3 and red accounts for 4 and
above (these can be converted to percentages such as light blue represents 1.786% of the
sample size contained a void in that location). Upon evalutaion of Figure 5.20, it is clear
that in all cases, voiding is extremely small and spread out with very little correlation. With
this being said, it will be important to monitor the data as more parts are being built to
identify potential processes related issues via voiding correpsondence.
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5.4 Research Summary
This research examined the techniques behind the creation and validation of
parameters for a eutectic die attach process. Minimizing tolerance stacking was done by
the exploitation of AuSn’s eutectic gold-absorption property to allow for multiphase
processing. Statistical methodologies were applied to process parameters via design of
experiments to identify the root cause of voiding failures as the Gas A source as a
processing gas containing high levels of oxygen (100ppm). This research also baselines an
expected distribution that will likely coincide with future runs and provide a means to
identify potential issues. This research also qualified Gas A’ as a suitable processing gas
to obtain voiding results of less than 0.7485% on average with 100% yield.
In summary, the first research objective to create a vacuum-attachment process to
sufficiently create attachment joints adhering to internally developed rejection criteria
(Criteria [1] and [2]) was accomplished. Second, sufficient alignment was achieved by
exploitation of AuSn’s multiprocessing property which allowed a dual phase process to
minimize tolerance stacking during each phase.

5.5 Future Work
Though this research provided significant strides for this particular application, the
machines’ capabilities are largely unexplored with different circumstances. Different
materials, thermal conductivities, masses, flatness, weights, and process gasses all vary on
applications for different modules. Future work should be done to understand the impact
of different material stack-ups in reference to various process gasses, masses, weights, etc.
With a more thorough understanding of how these factors relate to each other, a plethora
of profiles for different applications can be done more efficiently with less error. One of
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the largest unknowns of this machine is how heat transfer is related to material mass and
thermal conductivity; more specifically, what time adjustments should be accounted for in
relation to these factors. Understanding the material-to-process capabilities could open the
door for a much broader range of applications.
Also, intermetallic studies of the die attachment interface would be rather interesting.
It is known that the metal mixture post reflow will absorb gold and increase the joints
melting point beyond the eutectic melting point of 283⁰C. However, the specific
composition is unknown. Also, there could potentially be inner layers of the solder
interface that are not subjected to gold absorption, thus resulting in the potential for
secondary reflow at initial reflow temperatures. Further intermetallic studies and
investigation of these metallurgical situations could results in potential process changes
and/or establish more confidence in the integrity of the solder joint when exposed to reflow
temperatures for a second or third time.
In terms of statistical analysis, the Weibull distribution with a shape parameter (β
≈1.00) is an indication that the distribution could potentially be exponential. Both
distributions that were fitted in Chapter 5 have β≈ 1.00. Further analysis of the exponential
distribution could be applied to these data sets. Examination of the exponential
distribution’s ‘memoryless property’ could add clout to the difficulty in voiding location
prediction which has long been a problem for locational studies of voiding.
Finally, there is work being done with off-eutectic solder combinations (Johnson et
al., 2013). Off eutectic combinations are used for high temperature applications at hopes
of trying to increase mechanical, electrical, or even thermal properties of the intended
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interface (Johnson et al., 2013). Though interesting, this type of research is application
dependent making its research limited.
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Chapter 6: Appendix

6.1 MATLAB Code
The following section will provide an in-depth discussion on the MATLAB code
used for image evaluation and data quantification. The sections will not display the raw
code used, but will go through flow-charted examples for a simplistic explanation behind
the methodology. To understand how this code works, it imperative to understand that
black and white images are equivalent to matrices composed of either 0 or 1 (black=0,
white=1). Figure 6.1 is the representation of how a computer interprets black and white
images as a matrix of 0’s and 1’s.
0
1
0
0
0

1
1
0
0
0

0
0
1
0
0

Figure 6.1: Black and White Imaging

6.2 MATLAB Image Processing Criteria Evaluation
The first program that was developed was designed specifically for black and white
images evaluation and comparing that against standards. Figure 6.2 shows the program
flowchart.
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Import Image

N
Rotate? Y or N

Crop Image

Y

Otsu's Greyscaling
algorithm

Input Rotation Angle:

Y
Make sense?
Make sense?

N

Toggle Increase/Decrease

N
Y

Output Statistics

Figure 6.2: Image Processing Flowchart
It is important to note that images were placed in JPEG style format. JPEG images
are a compression style format and eliminated a lot of imbedded information that would
have proven useful in auto image evaluation. Because of this default format, multiple
manual adjustments were used for this particular program to add quantitative information
back into the images.
The start of the code inputs an image. This image is then rotated for slight angle
adjustments via manual tweaks and confirmation. Auto-rotational sequences were
experimented with but due to inconsistent image edges, auto-rotations lacked accuracy
when compared to visual interpretation. Second, the image is cropped to eliminate all
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unnecessary information for processing. Again, this was a manual task as edge detection
for auto-cropping proved to be less accurate than manual confirmation.
Once in this state, the image is then resized such that 1 pixel = 0.001 inches2. This is
intentionally done for convenience purposes to keeping matrix dimensions consistent for
matrix operations.
With the image imported, rotated and cropped, a default greyscaling algorithm
(named ‘Otsu’s algorithm) is used to convert these grey image into a strictly black and
white picture by defining a greyscale threshold used to determine if each pixel is black or
white. From there, a toggle adjustment was done with a very small increments defined by
ρ= 0.005. This toggle allows users to endlessly adjust the greyscaling factor up or down
until the resulting image corresponds to the initial imported images. This was only done
because JPEG images compress the files so much that imbedding information was lost and
a general greyscaling threshold is insufficient at determining voiding levels in all cases.
Once a user confirmed black and white image is constructed, the remaining
calculations are very simple. Black areas are denoted as 0 (in binary black and white
images) and white areas are equal to 1. Summing the entire images together describes the
overall amount area that is voided (because white area = voided area). Dividing the total
voiding area by the overall area will result the overall percentage voiding.
In Figure 6.1, there are a total of 4 voided square pixels. The total number of pixels
is 15. Therefore, the percentage voiding is equal to (4/15)*100 = 26.67% voiding. Also for
Figure 6.1, define the critical area to be the middle vertical column and assume that 10%
voiding is allowed. Figure 6.3 displays the critical area. Clearly, there is (2/3)*100 =

113

66.67% voiding and therefore is reject. Though simple, this illustration shows the
fundamentals behind this image processing program.
0
1
0
0
0

1
1
0
0
0

0
0
1
0
0

Figure 6.3: Critical Area
Defining portions of the resulting black and white image will provide different areas
with relative voiding percentages. This option must be preprogrammed into the code but
will allow the user to see the amount of voiding in pre-defined ‘critical locations.’
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